We estimate a flexible model of the behaviour of UK monetary policymakers in the era of inflation targeting based on a new representation of policymaker's preferences. This enables us to address a range of issues that are beyond the scope of the existing literature. We find a complex relationship between interest rates and inflation: interest rates are passive when inflation is close to the target but there is an increasingly vigorous response as inflation deviates further from the target. We also find that the response to the output gap is linear and find no evidence of a nonlinear Phillips curve.
1) Introduction
The inflation targeting policy framework that has been used in the UK since late 1992 permits limited fluctuations of inflation around the inflation target.
The toleration of small deviations of inflation from the target suggests that policymakers may exhibit "zone-like" behaviour by responding aggressively to inflation when inflation is some way from the target but by responding more passively when inflation is in a zone around the inflation target. In addition, it has been suggested that policymakers may exhibit "asymmetric" behaviour by responding more vigorously when inflation is above the target than when below.
Analysis of the behaviour of policymakers therefore requires a model of monetary policy that allows for zone-like and asymmetric behaviour. In this paper we derive and estimate a nonlinear optimal monetary policy rule that does this. In doing so, we build on earlier work. Many models of monetary policy use the Taylor rule (Taylor, 1993) . This assumes a constant proportional response of interest rates to inflation and the output gap and thus has neither zone-like nor asymmetric behaviour. Asymmetric behaviour can be derived from models in which the preferences of policymaker's are described by the linear exponential (linex) function or from models in which the aggregate supply function is convex (eg Chadha and Schellekens, 1998 , Schaling, 1999 , Ruge-Murcia, 2003 , Kim, Osborn and Sensier, 2005 , Dolado, Maria-Dolores and Ruge-Murcia 2004 , Surico, 2003 and Nobay and Peel, 2003 . However these models do not imply zone-like behaviour. Zone-like behaviour can be derived from models in which policymakers have zonequadratic preferences, being indifferent to inflation in a zone around the inflation target but having quadratic preferences outside the zone (Orphanides and Weiland, 2000) . This model, however, does not imply asymmetric behaviour.
We propose a new representation of policymaker's preferences, based on a simple generalisation of the Linex function. We combine this with a convex aggregate supply curve and a conventional linear model of aggregate demand to derive a flexible nonlinear model of optimal monetary policy that allows for both zone-like and asymmetric behaviour. Estimating our model using data for the UK since 1992, we find strong evidence of zone-like behaviour but weaker evidence of asymmetric behaviour. Estimates of our preferred model imply that there is essentially no response of interest rates to inflation when inflation is between 2.3%-2.7% and that the Taylor principle that real interest rates should increase when inflation rises is only satisfied when inflation is less than 2.1% or more than 2.9%. Larger deviations of inflation lead to an increasingly vigorous response as policymakers seek to defend the boundaries of the inflation target. In contrast to this complex response to inflation, we find that the response to the output gap is linear. We also find no evidence of a convex supply curve.
The remainder of the paper is structured as follows. We discuss our model of policymakers' preferences in section 2); we derive our model of optimal monetary policy in section 3), discuss our empirical methodology in section 4), present our estimates in section 5) and offer conclusions in section 6).
2) Policymakers' Preferences
We model the preferences of policy makers using the loss function
where π is the inflation rate, π* is the inflation target (we refer to π-π* as the inflation gap), y is the output gap, i is the nominal interest rate and i* is the equilibrium interest rate; λ is the relative weight on output and µ is the relative weight on the interest rate. This is a flexible loss function that can (Clarida et al, 1999 ) that can be derived, for example, from the Calvo (1983) model of staggered price adjustment. If 0 τ > , the aggregate supply relationship is convex, so inflation is more sensitive to the output gap when the output gap is higher (Schaling, 1999 .
We assume that monetary policymakers choose interest rates at the beginning of each period, before the realisation of the shocks. Their optimisation problem is therefore (3) and (4) and where δ is the discount factor. Assuming that policymakers cannot commit to future values of the interest rate, optimal policy under discretion simplifies to a sequence of static optimisation problems. At each period, therefore, policymakers chooses the interest rate to minimise , ,
. Solving this and assuming, for tractability (following Surico, 2004) , that expectations are exogenous, the optimal monetary policy rule is (9)
where î is the optimal interest rate. This is a general nonlinear monetary policy rule that exhibits both asymmetric and zone-like responses to the inflation and output gaps.
There are a number of interesting special cases of (9). When
and , y π α α andτ all tend to zero, the policy rule collapses to a linear Taylor rule (Taylor, 1993) (10)
, π α and y α tend to zero and we approximate around 0 τ = we obtain
which is similar to models that allow for a nonlinear Phillips curve that have been estimated by Kim, Osborn and Sensier (2005) 
4) Empirical Methodology
To transform our optimal monetary policy rule into an empirical model, we approximate (9) by means of a second-order Taylor series expansion around Although we might conjecture that zone-like behaviour might also arise if the aggregate supply curve has zone-like features, the literature on this is not sufficiently developed for this to be incorporated into our model. 
The error term is a linear combination of forecast errors and therefore is orthogonal to any variable in the information set available at time 1 t − .
In common with much of the literature (eg Clarida et al, 2000) , we allow for interest rate persistence by adding an ad-hoc partial adjustment mechanism to our model, so 
We estimate equation (15) using a variety of values for the integer parameters π β and y β , evaluating a range of alternative models of monetary policy. We assume that the inflation target, * π , equals 2.5%, but we also experiment with other values. Alternatively, we could have followed much of the literature (eg Clarida et al, 1999) in assuming that the inflation target equals the average observed inflation rate. This would not have much effect on our estimates as the average inflation rate in our sample is close to 2.5%.
5) Results
We use quarterly data for the UK for 1992Q4-2003Q1. The interest rate is the 3-month treasury bill rate, inflation is the annual change in the retail price index and output is real GDP. We model the output gap as the difference between output and a Hodrick-Prescott trend. We find that inflation and the output gap are stationary but that the order of integration of the interest rate is more ambiguous; we assume that all variables are stationary (see also Clarida et al, 2000 , for a discussion of similar issues).
For both the inflation and output gaps, we considered four cases: linear 
Estimates of these models are presented in columns (i) and (ii) of table 3), while column (iii) presents estimates of the linear Taylor rule in (10), which serves as a benchmark. We note that the estimates in columns (i) and (ii) are quite similar, that the estimates of 0 ω and the ρ parameters are similar across table 3, and that the estimates of Taylor rule are similar to others in the literature (see Nelson, 2003 , Martin and Milas, 2004 and Adam et al, 2003 estimates on UK data). The estimates of 2 ω and 1 ω imply that the ratio of λ to κ is less than 0.1. Since κ is unlikely to be much greater than unity, this 2 We also estimated models for larger values of π β and y β . None of these models were superior to those reported in Table 2 ). We should note that the model becomes increasingly nonlinear as β increases and that estimates of some models failed to converge.
suggests that λ is small. The loss function of policymakers seems, therefore, to put little weight on the output gap. This is consistent with a policy regime that specifies a target for inflation but not for output. We also investigated different values of the inflation target * π , considering values of * π ranging from 1.5% to 3.0%. Doing so, we obtained the best model when 3 π β = , 1 y β = and * 2.55% π = . Estimates of this model are presented in column (iv) of table 3 and are similar to those in column (i).
These estimates provide clear evidence of a zone-like response to inflation. The zone asymmetric model is slightly superior to the zone symmetric model in terms of statistical criteria, suggesting that there is some, albeit not strong, evidence of asymmetry. We estimate 0
implying, perhaps surprisingly, a stronger response to lower rates of inflation.
By contrast, we find a simple, linear response to the output gap. is a negligible response to inflation when inflation is between 2.3%-2.7%. The
Taylor principle that real interest rates should increase when inflation rises is satisfied when the inflation gap exceeds 0.56% or is less than 0.52%. The response to inflation is stronger than in the Taylor rule when inflation is above 3.14% or below 1.92%. The effect of the requirement that inflation not differ from the target by more than 1% is clear. Interest rates are increased by 6% above the equilibrium when inflation equals the upper threshold of 3.5%; since we estimate that the equilibrium rate is around 5.8%, this suggests that policymakers will set interest rates at nearly 12% in order to protect the inflation target 
6) Conclusions
This paper has developed a flexible nonlinear model of monetary policy behaviour based on a new representation of policymaker's preferences and incorporating a convex supply curve. The model has allowed us to address a range of issues that are beyond the scope of the existing literature since the model allows there to be little or no response when inflation is close to the target or output is close to equilibrium but an increasingly aggressive response when these variables move away from their desired levels. The model also allows for asymmetric responses to output and inflation.
We have found a subtle nonlinear response to inflation in which there is almost no response when inflation is 0.2% of the target, the Taylor principle is only satisfied when inflation deviates from the target by almost 0.5%, but that interest rates are raised by almost 6% above equilibrium to defend the boundaries of the inflation target. The response to the output gap is linear and we find no evidence of a nonlinear Philips curve.
Our work can be extended in a number of ways. This approach can be applied to other countries in order to see whether the finding of a nonlinear response of interest rates to inflation is robust. It would also be interesting to extend our analysis to allow for responses to other macroeconomic variables such as exchange rates and house prices. We hope to address these issues in future work. 
